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PURPOSE:

Page 1

There is a need to investigate and develop production manufact-
uring methods for aspheric lens surfaces. In order to achieve
the ever-rising quality requirements for photographic objectives,
it has become necessary to use aspheric surfaces in the design
of lens systems., It has been established that such surfaces
will allow for greatly increased quality and at the same time

for a reduction in size and weight of the optical system.

The purpose of this contract is to develop equipment and
methods for large quantity production of precise aspheric
optical elements. Evaluation of the repeated accuracy of
manufacturing methods will be accomplished by subjecting the
lenses made to careful inspection and by employing them in

photographic objectives.

WORK COMPLETED 82.6% of ENTIRE CONTRACT
100% of PHASE 1
100% of PHASE II
71% of PHASE III

(BASED ON CONTRACT SPECIFICATIONS)



ABSTRACT:
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The work covered by this report represents the period
which just precedes the start of integration of the
entire control complex with the machine tool itself,.
This is a period which is significant in that many
problems present a choice of multiple solutions with
an extensive range of apparent reliability and cost
implications. It has been necessary to resolve many
of the major problems in this category in order to be

able to continue the project unabatedly.

Early in this program it was felt that a general policy
of "over-design'" should be adopted, and this approach
was stated in Interim Reports 2 and 3. Such a policy
was concluded in view of certain basic unknowns in the
areas of the diamond tool and its behavior relative to
various rates of slope change, Interim Technical Report
No. 11, Pages 4 to 10, and variables in the work spindle
and physical variations between the work and the tool

due to changes in thrust load and ambient temperatures.

It was felt that everything possible should be done to
make sure that the relative positions of the work and
tool carriages are in their calculated positions, incre-

ment by increment. Any deviations of the desired posi-



Page 3

tions of the carriages would certainly mask errors due
to misbehavior of the tool, and it would be virtually

impossible to evaluate and correct such errors.

A study of the factors which determine the accuracy of

the relative position of the carriages revealed that the
weakest link in the control chain was that of the reli-
ability of the placement of command pulses on the B drum
and the ability to retrieve these pulses without error.
This, of course, requires the same reliability from

pulses placed on all magnetic drums involved in both the
recording of the Bl command pulses as well as the response

pulses at the C drum during the machining of glass.

Therefore, a program was instituted early in December of
1962 to improve the magnetic drum itself, to optimize the
electrical impedance and gap widths of the read and write
heads, and to greatly improve the amplifiers for the
velocity sensitive read heads employed for the A, Bl, and
B2 readout. Improvement of the magnetic drum and the
write heads will also result in further improvement of
the C pulses where flux sensitive read heads are being
used, This phase of the program has now ylelded to the

search for the means of improving pulsing techniques for
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the low surface speed and high packing density required
of this system. Therefore, this report will deal mainly
with the details of the means by which the resulting

reliability of magnetic pulsing was accomplished.

Parallel with this activity, the new translator has been
nearly completed, and many other areas of work involving
the main control panel and interconnecting cabling has

proceeded routinely.

Two errors were made in Table I, Page 15 of Interim
Technical Report Number 14 and should be corrected as
follows:
1) In the third line, change Number 3548 to 3584.
2) In the fifth line, change the Number 366 to 336.

All of the other nmumbers in the table are correct.
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LOW FREQUENCY, HIGH DENSITY FULSE TECHNIQUES

At the inception of the finally adopted numerical control system,
it was recognized that the major problem regarding pulse recording
and retrieval was presented at the Y axis. Since the allowable
deviations at the Y axis are about 1/4 that of the transverse
motion at the X axis, the retrieved information from the Y axis
must be in the order of four times that for equal amounts of car-
riage travel at the X axis, Further, the informatioun at the Y
axis must be retrieved at speeds down to and including zero. This
problem was adequately solved with the use of modulator type flux
sensitive read heads and was thoroughly explored in Interim Report

Number 6.

At that time it was plamned that flux sensitive heads would also be
employed for the X axis pulses due to the low speeds involved.
However, preliminary experiments with the simpler flux rate sensi-
tive read heads, or velocity heads, have revealed unexpectedly good
ratios of apparent signal-to-noise ratios at surface speeds as low
as 1/10 of an inch per second. Whereas the output of the read head
is relatively low at a surface speed of 1/10 inches per second, the
intrinsic noise from the magnetic coating is also relatively low
for the same reason. Also noteworthy is the low maximum pulse

rate required at the X axis, which is 336 pulses per second, Interim
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Technical Report Number 14, Page 15. Therefore a low-pass filter
can be disposed at the output of the A and B read head amplifiers
eliminating spurious noises above the 336 pulse rate, regardless
of where they may be injected in the low level circuitry. (It
should be noted that the filter is placed in the circuit before

the four-times multiplier for the A pulses.)

Since the lowest surface speed of the recording medium required

of drums at the X axis is substantially higher than the 1/10
inches per second, which showed promise in the preliminary experi-
ments, further work was done with velocity heads leading to the
adopting of this type of head for the A, Bl, and B2 pulses at the

X axis,.

It should be pointed out that no one working in the fields where
pulse techniques are extensively used could predict what results

to expect with the use of velocity read heads at such low surface
speeds. Therefore, we proceeded with caution since these parameters

seemingly have not been explored.

As a starting point, we made use of experimental drums coated with
3M-RD3010 dispersion over a ,015 inch undercvat of rubber on an
aluminum drum, Interim Technical Report Number 6. The drum was
transported by a dividing head type of turntable, A 100 mh head

with a 160 micro-inch gap was employed for both the write and read
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modes. For the readout a conventional solid state audio preamplifier
which contained a bass boost of 6 db per octave below 500 cps was
used. At a packing density of 233 cycles (466 NRZ reversals) per
inch and a reading speed of 1/10 inches per second, a signal-to-
noise ratio of 45 db was obtained. The noise was 60 cycles,
seemingly picked up by the input coax rather than by the head.

The source of the interference was a shaded pole motor used to

drive the turntable and was positioned about 16 inches from the

head and coax lead.

Direct voltage measurements at the velocity head with a conven-
tional VIVM, when reading pre-recorded pulses representing the
packing density to be used for the A drum, and at a speed of 1/10
inches per second, proved ambiguous when compared with the output
voltages of an amplifier of known gain. [t was quickly realized
that special equipment must be employed to obtain true readings

at levels in the order of 15 to 50 micro-volts appearing at the
output of the velocity head under these conditioms, Any unbalanced
condition and any condition permitting even a slight ground loop

at these levels will result in the acquisition of untenable spurious
noise. It was this observation which led to the development of

special d.c., pushpull amplifiers and other special circuitry, de-

scribed in the section "STABLE FLUX RATE SENSITIVE READ HEAD AMPLI-

FIER". This observation also led to a decision to further optimize
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the magnetic drums and the write and read heads which will now be

described. All three problem areas were tackled simultaneously.

Magnetic Drums for In-Contact Heads

There was a factor, in addition to those already mentioned, which
dictated the necessity for further improvement of the magnetic

drum. Up to this time the only drum which gave sufficiently stable
read amplitude levels was one which employed an undercoat of

rubber, .0l5 inches thick, Drum coatings without the use of
resilient backings yielded an output signal which averaged 5 d.b.
lower in level and worse; during a single turn of the drum, the
signal level varied by 10 or 12 d.b, with occasional dropouts,
However, two serious problems with the rubber backed coating
existed. 1) [t was feared that cold flow of the rubber might
displace relative portions of the pulses annularly within the 360
degree track of pulses at the A and C drums. This could be par-
ticularly serious at the C drum, since a second head is disposed

by a 90 degree phase relationship in order to obtain a multiplica-
tion of the C pulses by a factor of two. Any anaular shift of
pulses in the vicinity of one head relative to those in the vicinity
of the second head would result in the loss of pulses if the rela-
tive shift approached 90 degrees. 2) With the two years which have
passed since the rubber undercoated drum was fabricated, the magnetic
coating developed cracks cross-wise to the recorded track which

caused dropouts,
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In December of 1962 Mr. George Cheney, Research Supervisor of
Bryant Computer Products of Walled Lake, Michigan, indicated the
will£ngness of his company to work on the problem. On 26 December
1962 Mr. Royston visited Bryant Computer Products in Walled Lake.

It was learned that Bryant is currently using a new magnetic dis-

persion on their "Magnetic File' systems.
y

The new emulsion contains magnetic particles which are substan-
tially square in physical shape. This results in microscopic
magnetic particles which are shorter in maximum length and which
allow higher packing densities. Actually, since no method has
been evolved for pre-orienting magnetic particles on magnetic
drums, the more pronounced improvement might be in the area of
greater amplitude stability from the recorded pulses. Secondly,
the new emulsion exhibits somewhat higher coersive and reten-
tivity forces which could result iﬁ higher amplitude pulses under
certain circumstances and in less deterioration of the signal
under the influence of possible small amounts of inadvertent

external magnetic flux fields.

Two blank drums were given to Mr. Cheney for the application of
experimental magnetic coatings. On omne, Bryant's LS200, emulsion
was placed directly onto the base metal. On the second drum the

same emulsion was used but an undercoat of acrylic, .0l0 inches
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thick, was applied in order to give a small amount of compliance

in the backing.

With the use of optimized heads, to be described in the following
sub-section, the two drums were tested and evaluated. Readout

from pulses recorded on the drum where the emulsion was placed
directly onto the base metal gave an output level which was about

4 d.b. lower than that obtained from the older rubber backed drum,
But most important, the signal variation from the Bryant drum

- varied only one d.b. during one or more turns of the drum., Even
though the output level is lower than the previous rubber backed
drum, it is higher than previous drums where the other dispersion
was placed directly on the Gase metal and is very adequate for this

application.

The second drum with the acrylic backing gave excellent results
with ‘an increased read level of about 4 d.b. However, after a
period of use, the surface showed signs of abrasion. Therefore,
any thought of employing resilient backings has now been aban-
doned, particularly in view of the uniform performance obtained

from the other drum from Bryant.

Two more variables in respect to drum coatings will be tried before
coating of the final drums will be approved. The first two experi-

mental drums from Bryant contained magnetic coatings which were
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.008 inches thick, which is .003 to .004 thicker than normal.
Also, since our application requires heads-in-contact, Bryant
will supply their LS216 emulsion which contains a lubricant but
is otherwise identical to their LS200 and will maintain a coating

thickness of .0004 to .0005 inches.

One of the implications of the excellent results obtained with
the Bryant drums for heads-in-contact use, is that their prepara-
tion of the metal surface and uniformity of their dispersion is
superior, resulting in good and uniform intimacy between the

write-read heads and the magnetic surface,

Flux Rate Sensitive Transducers

The original experiments in low surface speed/high density pulsing
at Bell & Howell were performed during Phase II of this contract
and reported in Interim Technical Report Number 6. During this
period of time, recording heads designed for sound recording were
employed as write heads. Heads containing .001 and .00025 gaps
were tried. No attempt was made to determine optimum parameters

as to impedance and gap width for either the write or read heads.

In order to obtain optimum performance at the X axis with the use
of velocity heads, it was decided that the proper parameters should
be obtained for both the write and read heads. It was further

known that any improved performance due to optimization of the
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write head would certainly benefit the pulse technique for flux

sensitive readout as well,

The write head driver amplifier was altered to allow a much faster
rise time such that the rise time could then be progressively
adjusted downward in order to obtain the optimum rise time for

any given condition of packing density and surface speed. With
this extended rise time capability, new write heads were built at
Bell & Howell, making use of laminated pole shoes and much lower
impedance windings to make sure the write head would respond to
the faster rise time. Also progressively shorter gaps for the

write heads were tried.

For both write and read heads, parameters of the transducer were
changed, one at a time. For each change in impedance and gap
values of the write head, the extirnal environmental parameters
were varied to obtain tﬁe maximum recorded pulse level by pro-
gressively varying the packing density, the NRZ rise time, the
surface speed, and the record current. For each of these condi-
tions, the readout level was measured at surface speeds of 0.1 ips
and 0.8 ips which is beyond the low and high limits to be encoun-
tered in the aspheric machine for the velocity read heads. The

above tests were repeated for each change in impedance and gap

value of the read head.
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The results of these experiments were very enlightening and, in
certaln areas, surprising, mainly in that some of the parameter
variations did not produce the expected-‘'spread'" in measurable
results. This points up our conclusion that the factors affecting
the actual amplitude of densely packed pulses are complex indeed.
As an example of this, it was found that under one set of cir-
cumstances where the packing density was varied over wide ranges, -
with each packing density value optimized from the standpoints of
record current and read gap value, the maxiﬁum readout amplitude
did not occur at the lowest packing density as was expected.
Progressing upward from a density as low as ten cycles per inch,
the amplitude started to rise near the peak which occurred at
about 200 cycles (400 NRZ reversals) per inch, above which it pro-
gressively dropped as expected. Since the write head resonance
was in a frequency range in the order of 100 times that repre-
sented by the rise time used for each pulse, and since the read
head resonance was in the order of 1000 times the frequency‘at
which the pulses were retrieved at the 200 cycle density point,

resonance can be ruled out as the cause,

A loss of amplitude at the higher packing densities during the
recording process is expected due to self erasure, But the only
explanation we have for a peak occurring at 200 cycles per inch,

when compared to much lower packing densities, is that the flux
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spread from the write gap, which accounts for self erasure at high
packing densities, must have a reinforcing action on the adjacent
pulse just previously recorded which is at just the right distance
from the pulse being written at the moment to receive a pulse

steepening effect.

Since the A and C drums are pre-recorded on a dividing head type
of turntable with synchronized pulses, which are independent of a
time basis, the surface speed and other parameters can be selected

to take advantage of the above phenomena.

Many pages of data have been recorded as a result of the above ex-
periments, However, it is believed that no useful purpose would

be served by issuing such information before the final data have
been obtained from the drums now being processed with Bryant's
ES216 emulsion., In the meantime, it can be stated that the pulsing

techniques already developed indicate a high level of reliability,
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STABLE FLUX RATE SENSITIVE READ HEAD AMPLIFIER

General Discussion

The read amplifiers are high quality amplifiers designed for low
level operation as mentioned in the interim technical report
Numbers 10 and 13. Parameters for this application must include
characteristics such as very low noise, high gain, and good
stability. Other important considerations consist of d.c. opera-
tion and broad dynamic input signal ranges. The common mode
rejection properties of external signals must also be good. The
signal-to-noise threshold adjustment for reducing the dead-zone

in the output switching circgits must be very stable and accurate.

With this in mind, a step was taken to review the overall require-
ments of this amplifier. Then a careful investigation was made
of both the proper design approach to use and the method of packag-
ing the design for the greatest signal-to-noise ratio. As a result
of the investigation, the amplifier has been divided into five
sections:

1. Preamplifier.

2. Resolution amplifier,

3. Phase-inverter amplifier,

4., Switching amplifier.

5. Comparator amplifier,
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Each section is packaged on individual plug-in type modules. The
preamplifier as shown schematically in Figure 2 is located adjacent
to the velocity heads on both A disc and B drum., This was done to
improve the signal-to;noise ratio by reducing the lead length from
the velocity head to the first amplifier stage. With this tech-
nique, the read signal is first amplified several thousand times

by a d.c. differential amplifier with low impedance push-pull
balanced output stages for driving a coaxial transmission line.
From this point, the read signal is carried to the main section

of the amplifier with sufficient amplitude to overcome any external

interference signals that may be detected in the coaxial line.

The output of the preamplifier is then fed into the resolution
amplifier module, Figure 3, where the push&pull signal is reduced
to single ended operation. This is accomplished by mixing the
differential signal of the preamplifier at the collector of tran-
sistor, Q9 of Figure 3. The output signal of tramsistor Q9,
which now combines both sides of the push-pull, is further ampli-
fied by this section. The frequency response of both the pre-
amplifier and resolution amplifier is from d.c. to 200 cycles per

second with an overall gain of 30,000 times.

The next section to consider is the phase inverter amplifier module,
Figure 4, where additional functions are incorporated besides

amplification. The first significant difference we find is that
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a,c, coupling is employed. Somewhere along the chain of amplifi-
cation stages, we must isolate the d.c. drift component. This

becomes mandatory from both a stability and reliability standpoint.

Since the frequency response requirement is all in the lower range
of the spectrum, a minimum number of coupling capacitors are used.
The first two common emitter amplifiers contain the only a.c.
coupling networks in the entire read amplifier design. The pur-
pose of this was to reduce any blocking effect resulting from high
amplitude transients or signals. The major problem with the
coupling capacitors used with transistors is that the capacitor
value itself must be quite high with relative low input impedance
of the transistor. Since both the frequency response requirement
is low and the capacitor value high, the recovery time or dis-
charge time of the capacitor is quite important. In order to

reduce this discharge time, a minimum number was used in the design.

The remainder of the capacitors required in the system are for
applications listed below:

1. B supply filtering.

2., High frequency response control.

3. Phase shift correction.

4, Signal rise time control.

5. Signal isolationm,

6. Diff-rential networks.

7. Pulse coupling.
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The phase inverter amplifier as previously mentioned also performs
other functions. Since NRZ recording techniques are used in this
equipment, the inverter amplifier is used to invert the trailing
edge of the differentiated waveform from the velocity head. This
essentially doubles the number of pulse-bits per inch and increases

the control system resolution.

The other functions of this section are related to the amplifier
noise-threshold at various signal levels. This is a separate
function from the actual system threshold control used in the
monostable multivibrator, All the stages from the paraphase ampli-

fier Q17 through the last stage Q22 of Figure 4 are d.c. coupled.

The next section to consider is the switching amplifier module of
Figure 5. This section is also d.c. coupled from the first ampli-
fier stage Q23 through the driver stage Q25. From the driver

stage the signal passes through a steering diode and diode gate
network on to the monostable multivibrator. The multivibrator

Q26 and Q27 of Figure 5 generates a pulse at a fixed time duration
and amplitude for controlling the necessary logic circuits in both
the machine control and translator system. The remaining tran-
sistors Q28 and Q29 are emitter follower type amplifiers to provide
the proper low impedance for driving the coaxial transmission line

and logic gates.
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Included in this module is a frequency meter network and ampli-
fier stage Q30 for driving a small meter. This meter is mounted
on the module plug-in case for monitoring the output pulses from
the multivibrator. The pulse rate can, therefore, be checked
quite easily by this indicator. The most important feature is
directly related to servicing the equipment when failure of both

components and cables occur.

The next and last function of the read amplifier is the comparator
amplifier module shown in Figure 6. This circuit function is
rather unusual in both its application and performance. The main
object of this section is to supply the gate control voltage to
the diode blocking gate. This in turn controls the incoming

pulse signal from the output amplifier Q25 to the monostable

multivibrator Q26 and Q27 of Figure 5.

The comparator detector network consists of two relaxation oscil-
lators controlled by a differential amplifier Q32 and Q35. The
read system threshold adjustment for triggering the output multi-
vibrator is accomplished at potentiometer R42, This adjustment
controls the system sensitivity and determines the exact level at
which the switching amplifier will operate., Additional function
of the comparator amplifier section includes a unique application
of a solid state filter especially designed for the comparator

control system. Further description of this and preceding modules
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will be given later in this report,

A block diagram illustrating the operation of the read amplifier

system is shown in Figure 1.
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Technical Development and Design

Preamplifier

The preamplifier is the heart of the entire read amplifier design.
It determines both the minimum signal level and maximum common
mode rejection capability of the system., It is this circuit func-
tion that permits reliable operation of equipment employing

velocity heads operating at very low speeds.

The internal noise of the first transistor stage is in the vicin-
ity of .06 microvolts. Consequently, a 6 microvolt signal would
provide a signal-to-noise ratio of 100:1 or 40 d.b. This would
be fine if the first stage noise of Q1 and Q2 was the only mode
of interference., Other sources such as 60 cycles ground current
and transient voltages developed from electric motor or other
control devices are major problem areas to consider. With the
addition of all the external sources of noise, the system capa-
bility is degraded and overall performance is lowered. In order
to minimize this condition, a d.c. differential amplifier was
designed with dual negative feedback loops. This combination was
chosen for two very important reasons. The differential design
was employed because of the common mode rejection capability,
while the direct coupling technique was required to prevent dif-
ferentiation of the input signal and to reduce temporary blocking

caused by the high capacitor coupling values. Another problem
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that arises with the coupling capacitors is related to the fre-
quency response, Since there is a low frequency response require-
ment but not as low as d.c., a high value capacitor is mandatory.
This is primarily due to both the low input impedance of the
transistor and the equivalent sign wave frequency response of

30 cycles per second. 'lhis equivalent response is at the very
low packing density rate. Although the velocity head output
waveform voltage is a differentiated form of the recorded s.quare
wave, the input capacitor value required to prevent further dif-
ferentiating becomes astronomical. It is this phenomena, the
second order differentiation that becomes the major reason for

using the direct coupled design in the preamplifier.

Should the waveform be a conventional sine wave as it is at the
higher packing densities, the only detriment to the system per-
formance would be in terms of lower sensitivity caused by the
increased capacitive reactance X,. However, since the signal
waveform is a square wave at the lower packing densities, the
velocity head output voltage Eo '1%8 %% becomes the first deriv-
ative of the NRZ recorded square wave. This is shown in Figure

7A - la and 7A - 2a, Now if a coupling capacitor 1is used on

the input of the amplifier, the combination of both the low

input impedance Hjj of the tramsistor and the capacitive reactance

Xo will again cause differentiation. Consequently the amplifier
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encountered in computing a linear function with the conventional
differential formulas. However, this is not true with a step
function that contains a large quantity of harmonics. Other
approaches must be used that express the complex variables and
transient characteristics encountered in a square wave. To do
this we must refer to the fourier integral that provides the

proper transform for expressing this function.

Before expanding on the specific system problem, a few general
remarks will be made. The fourier series as applied to phase
angles of harmonic components can be expressed as an independent
variable. This variable is associated with a definite period of
time and is related as f(t) = f (t+k ). The period of this
function as expressed by the relationship f(t) is known as the
fundamental period & . The reciprocal of ¥ is the fundamental

frequency f = 1 .

The angular or radian frequency ¢ is = 277 f = 2W . The fourier
series representing the periodic function f(t) can be expressed
as £(t) = ap * a1 Cos @t + a2 Cos 26t F iiiiiaiienaas

2 + bl singat + by sin 2Qt + ...uvnn...
and the phage angle of the harmonic components can be written as

a sum of sine or cosine terms. The term having the fundamental

angular frequency is commonly called the fundamental component of

the periodic function f(t). The periodic function can then be
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expressed in terms of angular frequency as

£(t) = £ #:C; Cos @ tH1) +Cy Cos (2wt +62) + .......
The remaining terms, whose fréﬁuencies are integer multiples of
the fundamental, are known as harmonics. Because of the periodic

nature of the function f(t), it is usually possible to select the

origin for the independent variable t at any point.

There are quite -a number of methods to establish a fourier series
to represent a function that can be defined over a finite region.
However, for practical reasons, we will 1limit the expansion to

a minimum number of terms. In the case of a square wave we have

the expression
, %
o e 62._3enco¢' 4‘@f‘ GE_Efnant

In general, one can regard the coefficient ¢l n as a function of
the variable n¢), which is the angular frequency of the harmonic
component of order n. The functione{(ney)) is often referred to
as the fourier transform of f(t) and the latter as the inverse

transform of el(ne).

With the above in mind, we are acquainted with the periodic func-
tion of f(t) and will, therefore, apply this period function with
the fourier integral. The fourier integral brings us into the

main subject of interest. It is this technique that satisfactorily

provides an answer to the second derivative a.c. coupling problem,
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The linear superposition of a group of discrete, uniformly spaced,
frequency components causes an interference pattern of a periodic
nature. This interference pattern assumes a transient character
when the frequencies in the same group are continuously distribu-
ted. These frequencies are often referred to as the continous
spectrum and should be thought of as a line spectrum in which the
spacing of the lines is allowed to approach zero. The transient
character of the resulting time function can then be thought of

as a limiting form of a periodic function for which the period has
become infinite. It is evident that the two limiting processes
are consistent from the fact that the line spacing in the spectrum
of a periodic function equals its fundamental frequency. Also the
period (reciprocal of the spacing of lines) is equal to the line
density expressed as the number of lines per cycles per second.
And as this period is permitted to increase, the line density in-
creases, so that the final spectrum becomes a continuous one and
the function never repeats. As a result, it becomes a transient
function. The fourier integrals of both periodic function f(t)

and the fundamental angular frequency are given as follows:

£ ='f::€z(co) dwe’:wt

?/(hD = EE%T-IT:: FRY dt G?'wfcut
The foregoing material furnishes the necessary ground work for
familiarizing one with the periodic function f(t) and the funda-

mental angular frequency g (w). The next and last phase con-



Page 27

'siders the error function and its sequence of singularity func-
tions. The sequence of singularity functions and their transforms
may be derived through applying suitable limiting processes to a
variety of properly chosen functions. The one of interest for

this application is the error function.

-at2
and the transform

o 2
of error function is given by g(ed) = 1 td/P e-at Cos ¢dt dt.
T ~o

The error function has the form of f(t) = e

After integrating we have g(Q) = e’a’a/“"-

2y 7 a

Now if we let a = T and then multiply the resulting time

function and its transform by the factor 1 , the time func-
tion becomes > oL
—met* /o
7€) ' o and its transform
- XA
57(20) = c
aTr

The time function for this is shown in Figure 7B - 1b, This is the
same type of waveform output produced from the velocity head at

the low packing densities. From Figure 7B - la, we find that as
ol becomes smaller, the curve for f£(t) becomes greater in ampli-
tude and less in time duration. Also if the limit of ©< approaches
zero, the waveform then takes on the character of the original

square wave found on the recording.

Now if we want to know what the waveform characteristic is after

using capacitive coupling into the first transistor stage, we can
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take the waveform of Figure 7B - la and differentiate the function
of £(t) and it corresponding transform g@@). The expressions now

become as follows:

£ (& dF _ ame o -7
(=) A€ ~ o< P <
‘. —ﬂw%-rr
g gl TR

The first derivative of waveform Figure 7B - 1b is shown in
Figure 7B - 2b. This is actually the second derivative mentioned

earlier, concerning the original recorded square wave.

Just for interest sake in network design technology, the differ-
entiated waveform of Pigure 7B - 2b is shown in the next figure

Of 7B - 3bl

The expression for this is

j"'{ o SWRWE™ — =) -7
c x %%

Now from all the waveforms shown in Figure 7B and the fourier
series equations, a number of system characteristics can be per-
formed. The first considers the fundamental frequency. This
frequency waveform is available directly from the velocity head,
Figure 7B - 1b. The next waveform, Figure 7B - 2b, is the first
derivative and can be used in the design of a pulse doubling net-
work. This is where the actual error is introduced, as described
earlier in the report. With this phenomena of second order dif-

ferentiation, twice as many output pulses will occur.
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Consequently, an approach was taken to eliminate this effect,
This was accomplished by employing direct coupling in the pre-

amplifier design.

The last waveform, as shown in Figure 7B - 3b, is the second

derivative of 7B - lb, or the third derivative of the recorded
square wave, This waveform indicates that three times as many
pulses will be generated if care is not observed in the overall

system design.

The actual differential design will now be considered and the
related problems associated with it. 1In the past it has been
very difficult to design stable d.c. amplifiers employing tran-
sistors. This was primarily due to the wide variations in tran-
sistor parameters with changes in ambient temperatures. The

important parameters to consider are listed as follows:

1. Base to emitter voltage VBE.
2. Collector to base leakage current ICBO.

3. Current gain factor hFE,

Since this amplifier cannot be a.c. coupled, at least until the
proper impedance transfers are made, it is apparent that a minute
shift in the bias operating point cannot be distinguished from a
drift in the input voltage. Therefore, it is mandatory that the

operating point and current gain factor hfe be stable with changes
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in temperature,

Recent significant advances in transistor technology in passi-
vated junction surfaces have resulted in the base tc emitter
voltage VBE of two transistors to become more idemtical. This
contributes to superior performance of two devices that have heen
passivated on the same substrate and mounted inside the same
transistor envelope. The stability of an amplifier can conse-
quently be increased by an order of magnitude, This technique
decreases thermal differentials that are normally encountered in
two dimensional separated junctions. Therefore, drift in a d.c,
amplifier originates almost exclusively in the differential input
transistors, and arises primarily because of aging and temperature
changes in the three previously mentioned parameters, VBE, ICBO,
and hFE. Silicon transistors that have leakage currents ICBO of
one millimicroamp. (1Na) at 25°C have effectively eliminated
this source of drift. The major problem source is in the base

to emitter voltage VBE., This junction voltage is stable with
time but exhibits marked temperature dependence by decreasing at
approximately 2mv. for every degree centigrade rise., The differ-
ential design approach tends to minimize this effect since the
base to emitter voltage drops are in series opposition. If we now
consider this phenomenon to be reduced and furthermore consider
two transistors exactly matched but in separate packages, the

equivalent input drift of 20 microvolts will result for every
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.01°% temperature differential between the two transistors. This
temperature differential has now been alleviated since the develop-
ment of a dual transistor that is passivated on one common sub-
strate and mounted inside the same TO-5 package. This contributes
to improved stability and reliability of equipment employing such

devices in the design of solid state differential amplifiers.

The design of the preamplifier includes techniques of using a
dual transistor hermetically sealed in one enclosure. For both
practical and technical reasons, we have selected the Fairchild
2N2223 transistor. This transistor provides a maximum differen-
tial base voltage VBE of 15 mv at .1 ma, between the two junc-
tions. Other transistors, such as the 2N2223A, provide a 5 mv
differential voltage. This is better by a factor of three times
but is not necessary for this application. This is primarily due
to the fact that d.c. voltage amplification is required only to

prevent differentiation of the input signal.

The Fairchild Company states that these devices will maintain the
same performance and reliability as the planar types available

for applications demanding high performance.

Another approach to consider is the chopper method for low fre-
quency applications. Mechanical choppers have been widely used
to convert d.c. voltages into a.c. This method suffers from the

inherent very low frequency limitation and the reliability of the
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mechanical component. The mechanical function can be removed by
using transistor choppers. This approach appears to be more

reliable but adds to the complexity of the design.

The use of direct coupled amplifiers without chopping is quite
attractive from the standpoint of reduction in design complica-
tions. This approach is better for the read amplifier system,
since it has the advantage of reducing the noise, size, weight,
cost, and power requirements. Furthermore, it offers higher

operating frequency capabilities,

The advantage of size is an attribute of prime importance to this
system since it is quite important to locate physically the pre-
amplifier as close to the read velocity head as possible. As
mentioned earlier in the general discussion section, the reason
for locating the preamplifier close to the read head was to
reduce the coaxial lead length of the cable to a minimum, The
prime objective was to reduce the possibility of transient noise

that may be picked up in the cable.

In the design of the preamplifier, extreme care must be observed
to stabilize and establish the proper d.c. operating point. A
brief description of the equivalent input circuit and related
equations are given for the design of differential amplifier. The

input transistors Ql and Q2 of Figure 2 are shown separately in
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Figure 8. The output function is given of the two output voltages
elout and ey .. at the collector of Ql and Q2. Output of Ql is

given as follows: o oy (:
1ouy = €a-€) +
Rs (Arer+ heea) +Re ¢ )

heer hrea

AVee +Rs A I, %‘% (e it Vee) —As Leoy~ VEE)]"'ICOI RL"Vcc

A similar expression is written for the output voltage of transistor
Q2. The term relating to VEE may be small if Ree is sufficiently
large. This can easily be accomplished by using the impedance
transfer gain of a transistor that is operated in a constant cur-
rent mode. The constant current transistor QA and its network are

shown in Figure 2.

The primary parameters responsible for drift in the amplifier as
mentioned earlier are the thermal effects on the emitter to base
voltage VEB, current gain hfe, and collector to base leakage ICBO,
From the equation ejyy¢ = €jouts it can be seen that if Ry
approaches O, the effects of hfe variations are small., This con-
dition, however, tends to restrict operations of the amplifier to
applications having very low source impedance. It is possib}e to
improve this by operating at a collector current as low as péssi-
ble., Again, there is a compromise since the output impedance
rises with the lower collector currents, The complete differen-

tial voltage ej,,r and ep,,¢ is:
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€ 10T - Raogur = , 24 (ea,"el) +
s (6:4/4- Arza)+RE

hres) hreea

EE

(A Vee + Rsd Ico )~ (R Teoat Vee - Vaea- e,) (-&;'TZ'RE—")] + RuAaz,,

The most difficult problem to overcome is the matching of the
magnitude and temperature coefficient of the emitter to base
voltages VEB. Both of the quantities are a function of the
current gain, emitter current, doping densities of the emitter
and base junction, as well as the relative magnitudes of dif-

fusion and space-~charge region recombination currents.

The above matching has been accomplished as closely as economical
reasons are ccncerned and drift effects minimized as much as the

state of the art permits.

Another important consideration in low level amplifiers is noise.
The transistor noise decreases at low values of current until a
point is reached of approaching the collector leakage current.
Also, the current gain factor hfe must remain high enough for a
good signal-to-noise ratio. In order to accomplish this, a
transistor must have excellent current gain properties at low

operating currents.

The amplitude spectrum of tramsistor noise is shown in Figure 9.

At low frequencies the noise is predominantly flicker noise,
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which varies approximately inversely with frequency‘%c It has a
noise source from both the surface and leakage components with a
slope of 3 d.b. per octave., Surface noise is caused by fluctua-
tions of energy levels at the junction surfaces which modulate
the junction resistances. This type of noise is very current
dependent, whereas the leakage noise is caused by the leakage
current across the junction. The leakage noise is therefore
dependent upon bias voltages. At voltages less than iO volts
the noise generated is small, and at voltages less than 3 volts,
it is considered negligible for good transistors. The preampli-
fier input transistors Ql and Q2 are both operated with junction
voltages of 1.5 volts, Consequently, this reduces the leakage
noise to a minimum. The surface noise is also reduced by operat-

ing the transistor in the low current mode of microamperes.

Above approximately lkc, the shot noise predominates. In general,
this noise is the combination of the thermal noise generated by
the ohmic resistances in the device, as well as the currents
across the junctions. Flicker noise can be considerably reduced
by proper surface treatment by the transistor manufacturer, while

little improvement can be made in the magnitude of shot noise.

At higher frequencies, the noise figure of transistors increases

at approximately 6 d.b., per octave for frequencies higher than

£f AT -of o vwhere £ ol 1is the O cut-off frequency and oo
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1s the low frequency current multiplication factor. This noise
parameter has been reduced by employing high frequency cut-off

filters in both the preamplifier and resolution amplifier.

The application of the preamplifier places a demand upon its
performance in terms of the following parameters.

1. Good long term stability.

2, Low internal noise.

3. High common mode rejection.

4, High amplification factor.
The above parameters are of prime importance for maintaining high
reliability during changes in ambient temperature, power supply
voltage variations and external noise transients. The first and
second subjects were covered earlier in this report; consequently
the third requirement of common mode rejection will now be con-

sidered.

The differential amplifier design has additional features of pro-
viding two isolated input terminals. This is useful in providing
an output proportional to the small difference between two large
input signals. The ability of the amplifier to perform this
function and reject a signal that is common to both its input
terminals is known as the quantity ''common mode rejection''. Since
there are more than one direct coupled differential stages, the

voltage translation is much simpler by designing the second stage
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from a complementary type of transistor. The input transistors

are NPN while the second stage devices are PNP,

The imbalance between the input transistors and components will
be attenuated by the common mode rejection of the input circuits
of the complementary second stage. The common mode rejection

CMR is primarily accomplished at the input transistor stages Ql
and Q2. The definition for the CMR parameter is given as the

ratio of the magnitude of the smaller input signal to the magni-
tude of the output signal. The common mode rejection capability
is highly dependent upon the VBE of the input tramnsistors. The

CMR capability is derived as follows:

If the expression (A\/BE +ARs 1co>—-‘.2v5?5 (RE\— Rga-{-f e:z-)
EE FEl heea

is adjusted to zero, the differential output is

{+Ga -
(err=eee)=2& [‘“e*‘e')(aia *e*(‘%‘r:%)]

where

Arxe
G = —%E AND Ga =
Kar + 22 FRE Rea + Rsa
The differential gain 2°, brea
Gd = Rgs L Rsr
ay X -
Ares + yY7r +Re
while the common mode rejection capability is
Vie
CMR >

AVee +ARsIco

The common mode rejection then becomes the ratio of the differen-

tial gain to the common mode gain

CMR = -2(!*Ca)
G t Ga
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The last of the four parameters required for high performance of
the read amplifier system is the high amplification requirement,
If the gain characteristics hFE of the input transistors are
relatively high with low collector currents, the overall amplifi-
cation of the preamplifier will be high and the signal-to-noise

ratio will be optimum.

Included in the amplifier design are two negative feedback loops.
The d.c. loops are taken from the collector of transistors Q5 and
Q6 via resistors R5 and R4 to the base of the input transistors
Q1 and Q2, The a.c. feedback loop is composed of capacitor Cl
and resistor R2 network. This frequency network is connected
between the collector and base of both tramsistors Ql and Q2.

The purpose of this circuit is to correct for phase shift in the
input stages that can be caused by the capacitive effect of the

coaxial shield of the input cable.

The shot noise effect is reduced by the capacitor C3 and is
effective at frequencies above lkc. Additional high frequency
roll-off is accomplished in the design of the resolution ampli-
fier. The output impedance of the preamplifier is very low,
since it is required to drive a coaxial transmission line. This
is accomplished by the two emitter follower transistors Q7 and

Q8.
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Regsolution Amplifier

The resolution amplifier, Figure 3, reduces the differentiated
signal from the preamplifier to single ended operation. The two
balanced outputs are added together in phase at the collector of
transistor Q9. This was so designed as to provide for maximum
common mode rejection in the overall system. Provisions for opti-
mizing the CMR parameter are made by adjusting the series poten-
tiometer R6 in the emitter of Q9. The CMR control varies the
degenerative feedback of this amplifier stage. This in turn
changes the amplitude of the unwanted signal and appears out of
phase with the other side of the push-pull single ended stage.
The end result is that it becomes canceled in the output. The
difference signal, however, as referred to the input of the pre-
amplifier, will be additive, while the extraneous interference

transients that are common to both inputs will be canceled.

The bias operating voltages are stabilized throughout this section
and all others by using separate zener regulator diodes. The
zener diode is also used for coupling applications. This design
technique permits greater flexibility in d,c. amplifier circuits

that are otherwise quite limited in signal handling capabilities.

The resolution amplifier also incorporates complementary transis-
tors for supplying the maximum gain characteristics with good

stability. The complementary stage combinations are the first,
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second and third transistors, Q9, Q10, and Qll. To further sta-
bilize this section, there are four d.c. negative feedback loops
and one a.c., positive feedback network. The resistor R8 is con-
nected between the first two complementary stages Q9 and Q10.
This network supplies both a negative d.c. and a positive a.c.

loop.

The remaining loop currents operate in a series mode through
resistors R11, R7, R12, R15, and R13 in parallel with a thermistor
Tl. The output tramsistor Q13 is further stabilized by employing
the thermistor T2 in series with the emitter circuit. The overall
gain of this section and the preamplifier is in the neighborhood
of 30,000 times., The output of thissection is connected to the

input of Ql4 of the phase-inverter section, Figure 4.

The resolution amplifier also includes two high frequency cut-off
networks. The capacitor values for C4 and C5 of Figure 3 are
designed in conjunction with the output impedance h22 of transis=-
tors Q10 and Qll, and the input impedance h11 of Q11 and Ql2. The
total time constant includes the capacitive reactance X, and the
equivalent resistance Req. The expression of the equivalent
resistance in series with capacitor C4 is given as follows:

1

Req, = 1 + 1 + 1 and the
h11Q11 hy2Q10 RiQ10
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expression of the equivalent resistance to be used with capacitor

C5 is
Req. = 1
T+ T+ _1
h11Q12 hy2Q13 RQll

The isolation and coupling resistors would be included in the hjq
parameters. The negative feedback resistors are high in value

and therefore can be omitted in the computation.
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Phase-Inverter Amplifier

The next module function covers the phase inverter amplifier. The

major function of this section is to convert the negative polarity

waveform into a positive and then mix it with the original positive
side of the signal. The output then is all positive polarity

signals for triggering the one shot multivibrator.

The  paraphase amplifier and mixer stages are Ql17, Q18, Q19 and
Q20 of Figure 4. This circuit is also temperature compensated by
using the forward characteristics of silicon diodes. The idea
here is to match the forward thermal characteristic of the two
silicon mixing transistors Ql9 and Q20. If we consider the basic
input network of transistor Q20, an equivalent L pad is formed.
This includes the series resistor of R24 and the shunt resistance

of hyj; of Q20 and diodes CR10 and CR1ll with resistor R21B. As the

temperature rises the Vgg of Q20 decreases since the junction
voltages vary inversely with temperature and with the resistivity
of the base region. This variation is sometimes called the
equilibrium barrier height. In an ideal junction, the equilibrium
barrier height equals the difference of the Fermi levels in the

isolated n- and p- regions of the p-n junction.

The forward thermal characteristics of the diode are the same as
the transistor., Consequently, when the voltage drop across the

transistor emitter to base junction decreases the two diodes CRI10
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and CR1l junction voltages also decrease. This causes increased
current to flow through the two diodes and resistor R21B, When
this occurs, the voltage drop across the series resistor R24 in-
creases while the actual voltage at the base of transistor Q20
decreases, resulting in less current into transistor Q20 and com=-

pensation is therefore achieved for this circuit.

To further compensate for the d.c, drift that will occur in the
actual phase inverter stage Ql7, a cross coupled feedback system
is used. Since all the stages from Ql7 through to the output
amplifier Q22 are again d.c. coupled, extreme care must be exer-
cised to reduce the d.c. drift component to a minimum. The cross
coupled compensation is accomplished by establishing a reference
voltage between the two diodes CR10 and CR1l. This voltage is
controlled by the output of collector Ql7 via transistor Q18.

During temperature rises, the transistor Ql7 collector leakage

I.BO times the hpg current gain factor will cause the collector
current to increase. This increase in current will cause a
greater voltage drop across the collector load resistor. The
collector voltage will then decrease and reduce the voltage
reference between the two diodes CR10 and CR11l. When this takes
place the diodé CR10 will conduct more and lower the voltage at
the base of transistor Q20. This transistor will then conduct

less to correct for the decrease in current of Q19 which is con-
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trolled from the same voltage source at the transistor collector
of Q17. The other mixer transistor Q19 is also compensated in a
similar manner plus additional control from transistor Q18. Fur-
ther details of this network could be expanded upon, however, due

to the time element, the explanation has been reduced to a minimum.

The mixer transistors Ql9 and Q20 are both used for a twofold
purpose. The one already described is for mixing the two polarity
signals, the other is connected with the system threshold control.
It is here that the d.c. voltage is developed for operating the
comparator detector section. The d.c. level of the two mixer
transistor collectors is determined by the amplitude of the a.c.
input signal. Consequently the d.c. voltage is the direct analog
of the a.c. signal level. This provides a d.c. control voltage
without rectifying the a.c. signal and adding a time constant that
is normally associated with a filter. The object here is to
reduce all time constants to a minimum because an error could be
introduced in the overall control system, In order to further
stabilize the circuitry in the inverter amplifier section, an
additional feedback loop is used from the output tramsistor Q22
collector via resistor R33 to the two mixer tramsistor collectors
Q19 and Q20. Second order compensation is accomplished by coupling
the output from the mixer transistors to the last amplifier stage

Q22 through an emitter follower Q21 and diode CR13 L pad equiva-
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lent network., This is the same technique as used in the previously

mentioned drift compensation network of the mixer amplifiers.

There are two outputs from this module, one is the a.c. signal
output for the switching amplifier module and the other is the d.c.

threshold control voltage for the comparator detector section.

Another threshold adjustment is provided in this section. The
purpose of this one is to function as a trimmer for the main con-
trol found in the comparator section. This control R32 adjusts
the operating bias point for the output transistor Q22. This
allows an adjustment of the a.c. signal to system noise while the
other threshold control for the comparator detector is to deter-
mine the signal level at which the one shot multivibrator should
fire., Consequently the signal-to-noise of the system can be
adjusted separately by the control R32, while the actual level of
operation (regardless of noise) can be adjusted by the comparator

control R42 of Figure 6.
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Switching Amplifier

The switching amplifier section, Figure 5, performs five basic
functions:

1. Amplification

2, Steering

3. Gating

4, Switching

5. Converting
The first three stages Q23, Q24, and Q25 are direct coupled ampli-
fiers. The output signal from transistor Q22 of the phase-inverter
module is connected to the input of transistor Q23 via resistor
R34. This resistor, as well as R35, R38 of this section, R31,
R29, R28, R19, and R18 of the phase-inverter module, R9, R10, and
R14 of the resolution section are all high signal level limiting
resistors. This is to prevent damage to the transistor base to
emitter junction at extremely high signal levels. The above men-
tioned limiting resistors were an added extra for increasing the
reliability factor of the read system. This technique is also

used throughout the entire control system.

After the first three stagesQ23, Q24, and Q25, a steering diode
CR16 and zener diode CR15 clipping network are employed to insure
that only positive polarity signals arrived at the input of the
one shot multivibrator. Double precaution is again exercised here

as with the gating diode CR17, to prevent extraneous signals from
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triggering the multivibrator. The gating diode CR17 is con-
trolled by a bistable multivibrator Q36 and Q37, located in the
comparator amplifier section. The bistable circuit is designed
for supplying both the negative and positive d.c. control voltages
to the gating diode CR17, This approach does not depend upon the
normal leakage resistance of the diode. The gating diode is a
high quality silicon device that exhibits very high back resist-
ance, The circuit design, however, does not depend upon the
stability of this parameter with variations in temperature. In
order to insure dependable operation under all conditions, the
diode CR17 is heavily reversed bias for cut-off and forward

biased for the ON condition.

Capacitors C13, Cl4, and Cl15 are used as differential capacitors
to insure leading edge triggering of the output signal from
transistor Q25. This transistor is used as a power transfer de-

vice to supply a constant voltage to the diode networks.

The one shot multivibrator consists of transistors Q26 and Q27
which generates a pulse of constant amplitude and time duration.
The positive pulse output of transistor Q27 is connected to the
emitter follower transistor Q29. From here it is a.c.-coupled to
the logic networks throughout the control system as well as to

the converter amplifier Q30 and its associated frequency sensitive

network. This network drives a small sensitive meter for monitor-~
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ing the frequency rate of the output pulses. The emitter follower
stage Q28 provides a negative polarity pulse to a logic indicator

lamp network.
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Comparator Amplifier

The comparator amplifier is shown in Figure 6. This section is
the key to accuracy as far as voltage detection is concerned.

It is this circuit function that enables the system threshold
dead zone to be reduced by an order of magnitude. This approach
was considered because of its inherent high resolution in dis-
criminating between small magnitudes of d.c. voltages. This

circuit can differentiate between d.c. voltages of 5 millivolts.

The control voltage for this section is taken from the mixerﬁ
transistors Q19 and Q20 of the phase-inverter amplifier. Since
the d.c. voltage at this point is a direct analog of the a.c.
signal level, it is used as a reference voltage for operating the

system threshold control section.

Using the comparator detector approach, the system dead zone is

reduced to .5 microvolts as referred to the input. The operation
of this section includes a d.c. differential amplifier that con-
trols two relaxation oscillators. The differential amplifier
consists of transistors Q32 and Q35 with a reference voltage at
the base of Q35 through a zener diode CR21l. The two relaghtion
oscillators employ unijunction transistors Q33 and Q34. When no
signal is present from the read velocity head, the unijunction
transistor Q33 is operating. A series of high frequency pulses

of very short time durations are generated and coupled through a
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transformer Tl to the bistable multivibrator transistor Q37. Since
the pulses are negative, the transistor Q37 is cut-off and a posi-
tive d.c. level is supplied from the collector to the cathode side
of the diode gate CR17. By the same token, transistor Q36 is in
the saturated mode and the collector voltage of this transistor is
negative. Since this output is connected to the anode side of the
diode gate, the combination of this control voltage and the one
from transistor collector Q37 causes the diode to be reversed
biased. The diode is now in the OFF mode and will not permit sig-

nals to pass through.

When the a.c. signal level rises above the threshold level (as set
by control R42) the unijunction transistor Q33 turns off. Now an
output signal from transformer T2 is present, this causes tran-
sistor Q36 to turn off and the bistable multivibrator has changed
its mode of operation. Now the diode gate is biased in the forward

or ON state.

The application of the bistable multivibrator in this circuit is
for the purpose of filtering out the negative pulses generated by
the relaxation oscillators. If conventional techniques were used,
components such as rectifiers and capacitors would be required to
supply the d.c. level to the diode gate. This, however, would
introduce a time constant since it requires a certain period for

charging and discharging the capacitors. With the bistable multi-
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vibrator we can accomplish the same function but with a very short
or no time constant, hence a solid state filter exists with
microsecond response. In order to insure maximum isolation of
the negative pulses from the relaxation oscillators to the diode
gate and one shot multivibrator, a T network is placed in series
between the bistable collector circuit and the diode gate. This
network consists of resistors R44, R37 and capacitor Cl6 on one
side, while the other network includes resistors R43, R36, and
capacitor Cl7. The time constant of the T network is quite short,
therefore, there are no degraded effects to the system response.
The total switching time of the diode gate and comparator circuit

is in the microsecond region.

This now concludes the technical discussion of the read amplifier
which has a linear gain of approximately four million times. It
is believed that the design parameters were carefully selected to
insure the maximum reliability of this equipment, and that every
possible attempt has been made to employ the latest state of the

art techniques.

Some of the circuit functions in the read system have been either
omitted or simplified. Complete circuit description will be
given later in the final report.
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LENS DESIGN
During the past month major attention within Bell & Howell has been
concentrated on the machine fabrication which has been fully de-
scribed in earlier pages. No specific attention has been paid to
the design of the 48" f/4 lens, however, because major work has
been done on the Bell & Howell-sponsored project of developing a
system of automatic lens design which will include the design of
lenses having aspheric surfaces. This project has been under way
for about six years now and has reached a stage where there is
every indication that the design philosophy and the computing tech-
niques will result in a high speed method of designing a lens such
as the 48" £/4, This lens has, in fact, been used as a test prob-
lem for the automatic design procedure. This work has shown that
the monochromatic aberrations can be brought under very precise
control. The outstanding aberrations are secondary spectrum and
sphero-chromatism. Of these the sphero~chromatism is the dominant

aberration and steps must be taken to reduce it.

During the coming month the automatic design program will be applied
to variations of triplet designs with a view to securing in a very
short time the optimum design which this configuration is capable
of giving. However, it is probable that it will be necessary to
split up one of the elements of the triplet in order to produce a
four element triplet. The results which may be achieved by this

splitting up will be determined by using the automatic design pro-
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gram, and the advantages which accrue from the extra element will
be evaluasted. It is possible at this time that a request then may
be made at Wright Field for the substitution of a four element

triplet for a three element triplet.
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RECOMMENDATIONS

It is believed that during the ensuing three months, following the
period covered by this report, the entire numerical control system
will be integrated with the machine tool and that experiments will
have progressed to the point whereby programmed glass surface con-
touring can begin. All areas of the control system will be tested
and verified for function and reliability, section by section, before

an attempt at programmed corntouring is first tried.

An example of this procedure is as follows: A simple spherical
contour will be programmed into the computer from which a punched
tape output will be obtained. A secondary program will be processed
through the computer which will give the exact number of B pulses
required for the contour program. Then the programmed tape will be
fed into the translator while the translator output pulses are
counted electronically and checked against the computed number of

pulses, representing the B pulses, called for in the program,

Once this operation proves to be reliable, the operation will be
repeated with the translator output pulses fed simultaneously to

the counter and the B drum on the machine tool. Then the B pulses
from the drum will be read out and counted for equality with the
input pulses. Before the B drum has been programmed, the A drum
pulses would have been checked at the output of the read head. Next,

several trial runs will be made bringing the bi-directional counter
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into use whereby the C pulses, or response pulses, count down the

B pulses which are the command pulses.

The design of the control system is such that each separate func-
tion can be checked digitally and, where applicable, can be double-
checked by measurement of discrete linear distances or angles of
travel. When the functions of all areas of the control system have
proven to be reliable and repeatable, the first piece of glass
will be machined from a known command tape which has been programmed
by the computer and pre-checked for accuracy. Any deviations from
a true sphere as measured by various means will indicate any further
corrective measures to be required. Once any such corrective mea-
sures are accomplished, more complicated contours will be processed
including reversals in slope, deviations from a sphere, and will

finally lead to the aspheric figures called for by this contract.
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